Abstract
Introduction

51
Menopause, or the cessation of ovarian hormone production, is associated with weight gain in 52 the form of white adipose tissue (WAT), which preferentially accumulates in the intra-abdominal region 53 (42) . This is associated with metabolic dysfunction and increases the risk of developing cardiovascular 54 disease (CVD) and type 2 diabetes. Indeed, postmenopausal women are at an increased risk of these 55 metabolic diseases compared to premenopausal women and age-matched men (21). Since women are now 56 living longer than any other period in history, and spending more time in the post-menopausal phase of 57 life, it is essential to identify strategies that will facilitate healthy aging especially in this population. The 58 mechanisms driving the body composition and metabolic changes that occur with menopause are not 59 completely understood, but rodent (17) and human (7) data suggest that reduced physical activity and 60 energy expenditure likely play a major role while hyperphagia does not appear to be a primary cause of 61 weight gain in this population (28) . A recent study found that postmenopausal women lost significantly 62 less weight following gastric banding surgery compared to equally-obese premenopausal women (32) 
63
suggestive of a menopause-related reduction in energy expenditure. Following menopause, women 64 significantly reduce their physical activity levels (7); and reduced physical activity is known to reduce Accordingly, the purpose of the present study was to test the hypothesis that high intrinsic aerobic fitness 77 protects against the metabolic dysfunction associated with OVX in rats.
78
We used a model system of contrasting rat lines that were developed by artificial selection for 79 low and high endurance treadmill running capacity. The divergent lines are termed "low capacity 80 runners" (LCR) and "high capacity runners" (HCR) and were originated from a founder population of the 81 genetically heterogeneous N:NIH rats (22) . An important feature of the model is that they are not exposed 82 to running except for a running capacity test at ~11 weeks of age. Therefore, they display contrasting 83 phenotypes in a sedentary condition allowing for the unique investigation of aerobic fitness independent 84 of structured exercise training and offer a method for investigating the mechanism(s) by which aerobic 85 fitness protects against disease. At generation 11 the HCR rats displayed 30% higher aerobic fitness
86
(VO 2max ) and 347% longer run time to exhaustion than the LCR (50). Compared to LCR rats, HCR rats 
93
Methods
94
Animals and Diets
95
Female rats were artificially selected to be either LCR or HCR as originally described by Koch and 96 Britton (22) and Wisloff et al. (50) For this study, 43 randomly cycling female HCR and LCR rats 97 (generation 32) were housed under standard temperature (e.g., ~22C) and humidity on a 12h-12h 98 light/dark cycle. Rats were tested for running capacity at the University of Michigan at 11 weeks of age 99 and shipped to the University of Missouri at 16 weeks of age, where they remained for the next 18 weeks 100 until the completion of the study. Animals were provided with standard rodent chow (LabDiet 5001,
101
Purina) and water ad libitum for the duration of the study; National Institutes of Health guidelines were 102 strictly followed and all procedures were approved by the Institutional Animal Care and Use Committee 103 of the University of Missouri prior to their initiation.
104
Ovariectomy and Sham Surgeries
105
When rats were approximately 25 weeks old, ovariectomy (OVX) or sham (SHM) operations were 106 performed creating the following groups: HCR-SHM (n=7), HCR-OVX (n=7), LCR-SHM (n=14), and 107 LCR-OVX (n=15). Unless otherwise indicated, data represent all animals. Briefly, rats were anesthetized 108 to effect using inhaled isofluorane and then bilateral ovariectomies or SHM operations were performed.
109
For OVX, the whole ovary, including the ovarian bursa and part of the oviduct, were removed. For SHM, 110 the ovary was externalized and then replaced back inside the body cavity. For both types of surgery, the 111 single lateral incision was closed with wound clips. OVX surgery effectiveness was determined at the 112 conclusion of the study via verification of significant uterine atrophy.
113
Energy Expenditure and Spontaneous Physical Activity Assessment
114
A metabolic monitoring system (Promethion, Sable Systems Int., Las Vegas, NV) utilizing oxygen 115 consumption, carbon dioxide production, and a multi-dimensional beam break system was employed to 116 assess fuel utilization, cage spontaneous physical activity (SPA), and total (TEE), resting (REE), and 117 activity energy expenditure over a 72-hour period, 8 weeks following surgery. Subcomponents of energy 118 expenditure were determined using manufacturer-constructed analysis macros (Sable Systems Int.).
119
Animals were singly housed in the metabolic chamber system and allowed to acclimate to the chamber 120 environment for one day before data collection. Data were analyzed as daily and cycle averages (i.e., 24-121 hour as well as individual 12-hour light and dark cycle averages) and were calculated per animal; these 122 daily averages were then used to calculate group means.
123
Glucose Tolerance Tests
124
Prior to and four weeks following surgery, glucose tolerance tests (GTT) were performed as a measure of 125 insulin sensitivity. Following an overnight fast, glucose was sampled from the tail vein of each rat using 126 a 23g 3⁄4 blood collection set (Terumo Medical Corp.) and a hand-held glucometer specifically designed 127 for rodents (AlphaTrak, Abbott Labs). A sterile solution of glucose (2 g/kg BW) was injected into the 128 peritoneum of the fasted rat and blood glucose concentration was measured at 15, 30, 45, 60, and 120 129 minutes following the glucose administration. The parameter calculated for GTT is area under the curve 130 from T0 to T120 (AUC). Blood was collected at each GTT time point for analysis of the insulin response 131 to glucose. Since it was difficult to obtain a blood sample for insulin analysis at every GTT time point,
132
only 3-6 animals per group were used for the determination of insulin AUC during GTT; only animals for 133 which blood was obtained at each GTT time point were used in the insulin AUC analysis. Insulin was 134 measured from plasma collected during GTT using rat insulin ELISA kits per manufacturer's instructions
135
(Alpco Diagnostics, Salem NH).
136
Circulating Metabolic Markers
137
At the end of the study, fasting (i.e., following an 8-hour fast) serum and plasma samples were collected 
143
Liver Triglycerides
144
Liver triacylglycerol concentration was determined using commercially available kits (Sigma F6428, St.
145
Louis, MO) and expressed per wet weight gram of tissue as previously described (45).
146
Body Composition Assessment
147
Body weight was measured weekly throughout the study. On the day of sacrifice, rats were assessed for 148 body composition (i.e., total and % fat and lean mass and bone density) using dual energy x-ray 149 absorptiometry (DXA) (Hologic QDR-1000, calibrated for rodents). Following DXA, animals were 150 sacrificed and to assess regional fat distribution, perigonadal (PGAT), perirenal (i.e., retroperitoneal,
151
PRAT), omental (OAT), subcutaneous inguinal (SQAT), and interscapular brown adipose tissue (BAT) 152 depots were removed and weighed to the nearest 0.01g as performed previously (34). In order to assess 153 relative BAT, total BAT mass (g) was expressed relative to white adipose tissue (WAT) mass
154
(BAT/WAT) and relative to body weight (BAT/BW). WAT mass was represented by the sum of all
155
WAT depots (PGAT, PRAT, OAT, and SQAT).
156
Histological Analysis
157
Formalin-fixed BAT samples (n=5/group) were processed through paraffin embedment, sectioned at five 158 microns, and stained with anti-UCP-1 antibody produced in rabbit (1:1200 dilution, U6382, Sigma) as 159 previously described (4). Sections were examined using an Olympus BX60 photomicroscope (Olympus,
160
Melville, NY) and photographed at 20x magnification using with a Spot Insight digital camera 
167
RNA Extraction and Real-time PCR
168
Adipose tissue samples were homogenized in TRIzol solution using a tissue homogenizer (TissueLyser
169
LT, Qiagen, Valencia, CA). Total RNA was isolated using the Qiagen's RNeasy Lipid Tissue Kit and 170 assayed using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and 171 concentration. First-strand cDNA was synthesized from total RNA using the High Capacity cDNA 
189
Abcam (ab110413, Cambridge, MA). Individual protein bands were quantified using a densitometer
190
(Bio-Rad), and protein loading was corrected by 0.1% amido-black (Sigma) staining to determine total 191 protein, as previously described (39).
192
Skeletal Muscle Citrate Synthase Activity
193
Citrate synthase activity was determined using the method of Srere (43) as previously described by our 194 group (39).
195
Statistical Analysis
196
All data were analyzed using SPSS 21.0. Statistical differences were determined using 2-way ANOVA to 
209
Results
210
Compared to LCR, female HCR rats have better intrinsic aerobic capacity
211
To determine running capacity (i.e., aerobic fitness), rats underwent three treadmill exercise trials (1 212 trial/day, every 2 days). After 32 generations of artificial selection for intrinsic aerobic fitness, HCR rats 
215
These trials were conducted at 11 weeks of age, after which time the rats did not engage in any structured 216 exercise training or exercise bouts.
217
HCR rats are protected from OVX-induced weight gain in the form of WAT
218
Rats were tracked weekly for body weight beginning at age 16 weeks, upon arrival at the University of
219
Missouri. Throughout the study, LCR rats were significantly heavier than HCR ( Figure 1A) . Over the 220 first 8 weeks of observation, prior to OVX and SHM surgeries, LCR rats weighed approximately 23% 221 more than HCR (mean body weight for LCR compared to HCR were 268 and 208 g, respectively
222
(P<0.001), yet the rate of weight gain was similar between HCR and LCR. HCR rats were protected from 223 an OVX-associated increase in weight gain. Following OVX, LCR responded to OVX with greater 224 weight gain. Thus, while OVX increased total % body weight gain from baseline in both lines, HCR
225
were protected compared to LCR as indicated by significant treatment x line interactions (both P<0.03) 226 for both weight gain over time and total weight gain ( Figure 1B ). These differences coincided with 227 comparable differences in adiposity such that LCR responded to OVX with a greater body fat percentage 228 increase (treatment x line interaction, P<0.01) which resulted in LCR-OVX having a significantly greater 229 percent body fat than the other three groups by the end of the study ( Figure 1C) . Likewise, visceral (i.e., 
230
PGAT, PRAT and OAT) and SQAT fat depots were heavier in LCR-OVX compared to LCR-SHM,
231
whereas there were no differences in any of these fat depot weights between HCR-OVX and HCR-SHM
232
(OVX x line interaction, P<0.01 for PGAT, PRAT, SQAT; for OAT, interaction P=0.087) ( Figure 1D) .
233
In addition, mean adipocyte size increased following OVX more so in LCR rats (Figure 1E, F 
254
(P<0.001) suggestive of higher feeding efficiency in LCR.
255
Total food intake was greater among LCR and was not affected by OVX in either line (Figure 2A ).
256
Energy intake was also expressed relative to body weight to account for differences in body 257 weight between LCR and HCR animals. Similar to pre-surgery, HCR consumed more energy 258 relative to their body weight than LCR and both lines experienced a similar reduction in relative energy 259 intake following OVX compared to SHM ( Figure 2B ) again suggesting that HCR had lower feed 260 efficiency and that feed efficiency increased following OVX. Surprisingly, we observed no differences in 261 feeding efficiency (i.e., food consumed relative to weight gained over a 1-week period) either between
262
HCR and LCR or in response to OVX; however these data were only collected over one week and may 263 not be reflective of the entire intervention period (Figure 2C) .
264
Similar to the reduction in relative energy intake, both HCR and LCR reduced total energy expenditure 265 following OVX (OVX and line main effects, P<0.01) (Figure 3 A, B) . Importantly, the LCR-OVX group 266 had the lowest total energy expenditure compared to all other groups.
267
Cage spontaneous physical activity (SPA) decreased by ~ 20% in both OVX groups while remaining 268 ~20% lower among LCR compared to HCR (HCR vs. LCR and OVX vs. SHM effects both P<0.01; no 269 OVX x line interaction) (Figure 3 C, D) . In neither case were differences present in the light (i.e., rodent 
277
( Figure 3E, F) . Compared to HCR, LCR experienced a more robust OVX-associated reduction in REE
278
(~12 % reduction in LCR compared to ~4% reduction in HCR). Energy expended during activity was also 
295
HCR Rats are Protected Against OVX-Induced Increase in Insulin Resistance
296
As shown in Table 1 
304
LCR had higher fasting circulating triglycerides than HCR, but neither group experienced increases post-
305
OVX. On the other hand, while there were no differences in HDL cholesterol levels between HCR and 306 LCR, both HCR and LCR experienced an increase following OVX (OVX vs. SHM main effect, P=0.04).
307
No differences were found in circulating levels of NEFAs, insulin, or glucose; however, LCR-OVX rats 308 tended to increase liver TG accumulation, but this did not reach statistical significance (line x OVX 309 interaction, P=0.15) ( Table 1) .
310
Greater Resting Energy Expenditure in HCR Inversely Associates with Brown Adipose Tissue (BAT)
311
In stark contrast to the WAT depots, total BAT mass tended to be greater in HCR compared to LCR (line 312 main effect, P=0.08, Figure 5A ), despite HCR being smaller animals. Furthermore, while all WAT 313 depots (i.e., PGAT, PRAT, OAT, and SQAT) increased in size following OVX in LCR (Figure 1D 
323
Ovariectomy Increases UCP-1, But Not Other Characteristic BAT Markers,
324
To assess BAT phenotype, markers characteristic of BAT (e.g., UCP-1 and PGC1-) were measured at 325 the levels of gene and protein expression (Figure 6 ). BAT UCP-1 content was also qualitatively 326 examined using immuno-staining with anti-UCP-1 antibodies. As shown in Figure 6A , OVX resulted in 327 increased gene expression of UCP-1 in BAT in both lines (OVX vs. SHM, P=0.01). This was confirmed 328 with protein expression (Figure 6B ) and supported by immunohistological analysis (Figure 6C ).
329
However, levels of PGC1- were not different, either at the level of mRNA (Figure 6D ) or protein 330 expression ( Figure 6E ). To more comprehensively assess the effects of intrinsic fitness and OVX on UCP-1, none of the characteristic BAT markers that were measured (e.g., CIDEA, NRF1, Tfam) were 333 different between groups (data not shown).
334
Discussion
335
Herein, we demonstrate that rats selectively bred for high intrinsic aerobic fitness (i.e., HCR rats) 336 are protected against insulin resistance and the accretion of body fat associated with loss of ovarian 337 hormone production compared to rats bred for low aerobic fitness (i.e., LCR rats), despite experiencing 338 the same ~20% reduction in spontaneous physical activity (SPA) . Several rodent models demonstrate 339 that, when maintained under sedentary conditions and fed normal low-fat rodent chow diet, OVX is 340 followed by rapid weight gain in the form of white adipose tissue (WAT) (15, 40, 48 
363
Similar to what we observed, others have also shown no effect of OVX on food intake in rats (46); thus,
364
there is heterogeneity among species and even rat strains in terms of the effect of OVX on energy intake.
365
However, pair-feeding studies using hyperphagic OVX rats have shown that, when fed the same amount 366 of food as SHM controls, OVX rats gain more weight (5). Together, those findings implicate energy 367 expenditure as playing a more important role in OVX-associated weight gain than energy intake. In 368 support of this hypothesis, a recent comprehensive longitudinal study in humans, the MONET study, 369 demonstrated that weight gain during the early years following menopause was attributed to reduced 370 physical activity and total energy expenditure (7), and not increased dietary intake (6).
371
Total energy expenditure is made up of physical activity and resting energy expenditure, with 372 resting accounting for the vast majority (~65%) (37). In the present study, total energy expenditure was 373 significantly lower in LCR compared to HCR before, and especially after, OVX (Figure 3 ). Both HCR 374 and LCR experienced a similar reduction in SPA relative to their respective SHM controls, an effect that 375 has been widely reported in other rodent OVX models (9, 16, 48) . That the HCR rats were not impervious 376 to the reduction in SPA yet were protected from weight gain suggests that the protection was due to 377 differences in resting energy expenditure. Indeed, LCR were more profoundly affected by an OVX-378 associated reduction in resting energy expenditure. Resting energy expenditure is somewhat determined 379 by lean body mass (55). However, increased lean mass did not account for the higher energy expenditure 380 in the HCR rats studied here since the LCR rats actually had greater total lean mass. Thus, we next 381 sought to determine if there were inherent differences in skeletal muscle oxidative capacity (i.e., 382 qualitative differences in lean mass) between HCR and LCR rats. Skeletal muscle protein content of a major regulator of mitochondrial biogenesis, PGC1-, was indeed higher in HCR; the same trend was 384 observed for individual electron transport chain subunits (i.e., CI was higher in HCR compared to LCR) 385 (Figure 4) . However, there was no indication that these mitochondrial indicators were differentially 386 affected by OVX. Citrate synthase, indicative of mitochondrial activity, followed a similar trend in that 387 HCR-SHM had greater activity compared to LCR-SHM. Unexpectedly, we found that OVX increased 388 citrate synthase activity in both groups; this may represent a compensatory mechanism among OVX rats. 
397
It is becoming increasingly evident that adipose tissue also plays a significant role in determining 398 total energy expenditure (10). One study revealed that there are sex differences in the contribution of 399 adipose tissue to total energy expenditure, such that adipose from premenopausal women contributes a 400 greater percentage compared to that of age-matched men (30). Notably, the age-related reduction is 401 independent of changes in body composition implicating an important role of female sex hormones (14).
402
Although the mechanism behind this sex difference is not clear, WAT from the women in that study had 403 greater expression levels of genes associated with mitochondrial function/oxygen consumption. It may be 404 hypothesized that OVX reduces WAT oxidative capacity and that aerobic fitness protects against this 405 reduction. Unfortunately, WAT oxidative capacity was not assessed in the present study. Future studies
406
should determine the effects of aerobic fitness and OVX on WAT oxidative capacity.
407
Only since 2007, when it was appreciated that humans, like rodents, harbor appreciable amounts 408 of BAT, has there been excitement over the possibility of targeting BAT as an anti-obesity target (3).
409
BAT content and activity are inversely related to obesity but positively with total energy expenditure (49).
410
Although the amount of BAT in humans maintained through adulthood is small, it is not insignificant as 411 estimates indicate that 50 g of BAT will burn 125 kcal/day in humans (33). And, aside from its 412 contribution to energy expenditure, recent findings demonstrate that BAT also affects glucose 413 homeostasis and insulin sensitivity (44). Here we provide the first evidence that HCR rats have more
414
BAT relative to both WAT and total body weight than LCR rats and that BAT/WAT is reduced following
415
OVX only in LCR rats ( Figure 5) . Remarkably, the significant positive correlation that we observed BAT (35) . In that study, BAT was investigated only five weeks 435 following OVX; it may be that the OVX effects on BAT UCP-1 expression are time-dependent such that 436 expression is reduced early following OVX and compensatory increases occur later. Nigro et al.(28) 437 recently hypothesized that reduced BAT activity is an early event leading to OVX-induced obesity.
438
Those authors comprehensively analyzed BAT function in OVX and SHM Wistar rats 21 days following 439 surgery by measuring citrate synthase activity in isolated mitochondria as well as oxygen consumption,
440
ATP production and heat production. They found no evidence of reduced BAT function following OVX, 441 nor did they see any changes in basal BAT expression of UCP-1. It may be that OVX in rats induces an 442 increase in UCP-1, but not until several weeks following surgery; perhaps this is a compensatory 443 mechanism that occurs over time. The extent to which the weight gain associated with menopause and/or 444 estrogen loss in rodents can be explained by a reduction in BAT function or a decrease in the oxidative 445 capacity of WAT, is not known and warrants further study.
446
The UCP-1 up-regulation in BAT with OVX was unexpected. Interestingly, chronic high fat diet 
456
A limitation of this study is that the HCR rats also have higher SPA than the LCR rats. That is, it
457
is unclear to what extent the protection observed is due to increased activity versus enhanced aerobic 458 fitness. Since both lines experienced the same ~20% reduction in SPA in response to OVX, yet the LCR 459 responded with greater weight gain despite consuming fewer calories relative to body mass compared to
460
HCR, it appears that the differences observed are inherent to fitness and not activity per se. The HCR rats 461 also had greater energy expenditure during activity compared to LCR, a finding that was recently 462 replicated in this model (11). Admittedly, there is a link that is difficult to separate between aerobic 463 fitness and physical activity. Nonetheless, the HCR/LCR model has emerged as an important model of the 464 "aerobic hypothesis," which states that aerobic capacity per se directly predicts optimal metabolic health 465 and survivability (50).
466
Perspectives and Significance
467
Menopause leads to weight gain and insulin resistance which greatly increases the risk of 
